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(54) Method for producing a grain-oriented electrical steel sheet having a mirror surface and 
improved core loss 



(57) Disclosed is a method for producing a grain-ori- 
ented electrical steel sheet having mirror surface con- 
taining 0.8 to 4.8% of Si in the form of a strip which has 
been subjected to a conventional series of operations 
including hot rolling with or without annealing, cold roll- 
ing once or at least twice with intermediate annealing to 
obtain a final thickness, decarburization annealing with 
or without nitriding treatment, coating the steel sheet 
with an annealing separator mainly containing non- 
hydrating oxide and final annealing, the improvement 
comprising: 

satisfying the relationship 

[A] > 0.2 X [O] 

where [A] is the total concentration of alkali metal 
impurity in the annealing separator (weight %), and 
[O] is the amount of oxygen contained in the steel 
sheet just prior to the final annealing (g/m^). 
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Description 

The present invention relates to a method for the production of a grain-oriented electrical steel sheet used as an 
iron core of a transformer or other electric appliances. More particularly, the present invention relates to a method for 

5 the production of a grain-oriented electrical steel sheet in which core loss is reduced by imparting it with a mirror surface 
and keeping it free of precipitates at the surface region. 

Grain-oriented electrical steel sheet material for use in various types of electric equipment, mainly transformers, 
contains 0.8 - 4.8% Si and has a crystal texture preferentially aligned in the {1 10}00T)orientation. The required char- 
acteristics of a grain-oriented electrical steel sheet are a high magnetic flux density and a low core loss, which are rep- 

10 resented by Bs and W17/50, respectively. A material for iron cores showing low electric power loss, i.e., a grain-oriented 
electrical steel sheet having low core loss, is strongly desired from the point of view of environmental protection and 
energy conservation. 

Core loss can be subdivided into eddy current loss and hysterisis loss. The former decreases in proportion to 
reductions in the width of the magnetic domains of the steel sheet, and the later can be reduced by eliminating hin- 
15 drances to the movement of magnetic domain walls. Primary causes of this hindrance are uneven or rough surfaces of 
the steel sheet and the presence of precipitates near the steel surface. 

In industrial production of a grain-oriented electrical steel sheet having low core loss, priority had been given to the 
development of techniques for the magnetic domain refinement. For example, in the case of materials for use in stacked 
cores, partial or linear microstrains are applied to the final annealed steel sheet by laser-beam irradiation, as disclosed 
20 in Japanese Unexamined Patent Publication (Kokai) No. 55-18566. Also, in the case of materials for use in wound 
cores, stress relief annealing is applied to the fabricated core without imparting the effect of the magnetic domain refine- 
ment, as disclosed in Japanese Unexamined Patent Publication (Kokai) No. 61 -11 7218. According to the above proc- 
esses, the overall core loss is reduced due to a large decrease in eddy current loss. 

On the other hand, various methods for producing a grain -oriented electrical steel sheet having low hysterisis loss 
25 at low cost have been proposed. These are directed to obtaining an even and smooth, or mirror-like, steel surface (here- 
inafter called a "mirror steel surface"). However, commercial production using these methods has not been realized. 

The following describes various conventional proposals for reducing hysterisis loss and explains why these were 
not commercialized. 

An inner oxide layer mainly composed of Si02 and a glass film mainly composed of forsterite (Mg2Si04) are 
30 present on the surface of a grain-oriented electrical steel sheet produced by the current production process. The inner 
oxide layer is formed on the steel surface by decarburization annealing. In addition, the glass film is formed on the 
above inner oxide layer during the final annealing, which reacts SiOg with MgO. to avoid having windings of the coil stick 
to each other. 

Since this glass film is formed based on the above inner oxide layer, the interface between the glass film and the 

35 steel sheet is not smooth because of the presence of precipitates. As a result, these precipitates become a hindrance 
to movement of the magnetic domains. This phenomenon is well known from the various reports, for example, by S. D. 
Washko. T. H. Shen and W. G. Morris, Journal of Applied Physics., vol. 53. pp 8296 - 8298. Since then, there have been 
proposed various methods for dealing with this phenomenon. For example, one of the methods is to prevent glass film 
formation during the final annealing, and another is to obtain an even and smooth steel surface by chemical or mechan- 

40 ical polishing after removal of the glass film. When coarse and highly pure alumina, which is a non-hydrating oxide, is 
used as an annealing separator in the final annealing, no glass f flm is formed on the steel surface of the resulting prod- 
uct. This is disclosed in U. S. Pat. No. 3785882. 

However, the improvement in core loss shown is only 2% at most because of the residue of precipitates present 
directly below the steel surface and of the uneven surface after the final annealing. 

45 To achieve a mirror surface by elimination of the remaining precipitates present directly below the steel surface, it 

is known to use a treatment by chemical or electrolytic polishing, as disclosed in Japanese Unexamined Patent Publi- 
cation Nos. 49-96920 and 60-39123. These methods are suitable for treating small samples in laboratories, but have 
not yet been practiced in commercial scale production. This is because of the management of the chemical concentra- 
tion is very difficult and a waste treatment system is required. 

so With respect to the production of a grain-oriented electrical steel sheet having a mirror finish steel surface free of 

precipitates, the present inventors previously proposed a method for preventing the formation of precipitates directly 
below the steel surface by means of coating an annealing separator mainly composed of alumina after elimination of 
the oxide layer formed on the decarburized steel sheet by pickling, as described in Japanese Unexamined Patent Pub- 
lication No. 6-256848. According to this method, core loss can be decreased by 0.1 w/kg at W-,7/50. in comparison with 

55 the case in which the oxide layer is not eliminated. Although it is possible to practice the pickling at an industrial scale 
according to the above mentioned method, this requires an additional investment in pickling facilities and increases the 
production cost. Therefore, a strong need exists for development of a grain-oriented electrical steel sheet, having a mir- 
ror surface for decreasing core loss, by a simplified process and at low production cost. 

A primary object of the present invention is to provide a grain-oriented electrical steel sheet having a mirror surface 
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and reduced core loss, free of precipitates directly below the surface. A further object of the present invention Is to pro- 
vide a simplified process that lowers production cost by elimination of the acid pickling step. 

The present inventors conducted numerous experiments aimed at overcoming the defects of the conventional tech- 
niques and attaining the foregoing object, to develop a more effective production process for obtaining a miller steel sur- 

5 face free of precipitates directiy below the surface of the grain-oriented electrical steel sheet products. 

In this research, the present inventors found that if the amount of impurities contained in the oxide used as an 
annealing separator, especially the concentration of alkali metals, is controlled in accordance with the amount of oxygen 
which is contained in the steel sheet during the decarburization annealing, the formation of precipitates, which 
increases core loss, can be prevented from the start and furthermore, formation of a mirror surface can be promoted in 

10 the final annealing step. 

Mn accordance with the present invention, there is provided a grain-oriented electrical steel sheet having a mirror 
surface with low core loss by means of using an annealing separator mainly composed of non-hydrating oxides and 
controlling the concentration of alkali metal impurities in the annealing separator and the oxygen amount in the steel 
sheet just prior to the final annealing, for achieving a decreased core loss. More specifically, in accordance with the 

15 present invention, a mirror surface Is obtained by satisfying the relationship: 

[A] > 0.2 X [O], 

where [A] is the total concentration of alkali metal impurities in an annealing separator (weight %) 
20 and [O] is the oxygen content in the steel sheet just prior to the final annealing (g/m^). 

Furthermore, the present invention provides a non-hydrating oxide contained in an annealing separator mainly 
composed of alumina for obtaining a mirror steel surface and reduced core loss. 

Moreover, the above mentioned alkali metal impurities consist of at least one of Li, Na and K. The annealing sepa- 
ls rator further contains at least one of hydroxide, nitrate, sulfate, chloride or acetate of Li, Na or K. 

Therefore, a mirror steel surface free of precipitates directly below the surface can be easily obtained by a simplified 
process for decreasing core loss, especially hysterisis loss. 

Figure 1 shows the results of X-ray diffraction (CuKa) microscopy of a grain-oriented electrical steel sheet, coated 
with alumina as an annealing separator, and then given a final annealing, (a) shows an example of the results of X-ray 
30 diffraction analysis (CuKa) in the case of using high purity alumina, (b) shows an example of the results of X-ray diffrac- 
tion analysis (CuKa) of in the case of using alumina containing 0.2 weight % of Na as impurity 

Figure 2 is a diagram illustrating the relationship between the amount of Na in alumina as an annealing separator 
and the oxygen content of the steel sheet during the decarburization annealing, and the formation of precipitates 
directiy below the steel surface, "o" indicates absence of precipitates and indicates presence of precipitates. 
35 Figure 3 is a micrograph showing a cross sectional view of a grain-oriented electrical steel sheet which was coated 

by alumina as an annealing separator, and then final annealed, (a) shows an example of the case of using high purity 
alumina, (b) shows an example of the case of using alumina containing 0.2 weight % of Na as impurity 

The present inventors used various kinds of alumina, the oxide which Is commonly used as an annealing separator, 
and found that Na as an impurity contained in alumina influenced the formation of precipitates and the mirror condition 
40 of the steel surface. This is because when a large amount of Na is present, tiie mirror surface can be obtained even if 
an oxide film exists. In addition, no precipitates are observed directiy below the steel surface when the steel surface . 
exhibits the mirror condition. The present inventors have not ascertained the reason for this. It is thought that reduction 
of Si02 formed during the decarburization annealing may be accelerated in the final annealing step because of the 
existence of Na. If the reduction of Si02 easily occurs in the final annealing step, the precipitates directiy below the steel 
45 surface, once formed, decrease and disappear. Othenwise they are not formed from the start. As a result, a mirror steel 
surface can be easily obtained. 

In the production of a grain -oriented electrical steel sheet, carbon Is an essential element for obtaining the required 
crystal texture In the intermediate product so as to preferentially promote {1 1 0) 001 >crystal orientation in the final prod- 
uct. Though this carbon must be included in the required amount in the early production stage, the carbon remaining in 
so the final product increases the core loss. Accordingly, a primary recrystallization annealing is carried out in a wet hydro- 
gen/nitrogen mixed atmosphere for decaburization. This primary recrystallization annealing is ordinarily called 
decaburization annealing. The concentration of the remaining carbon in the final product must be limited to less than 
30 ppm. 

Generally the speed of the decarburizing reaction depends upon the reaction potential of the oxygen in the decar- 
55 burization atmosphere. When the reaction potential of the oxygen becomes low. the decarburizing reaction slows down. 
On the other hand, the reaction oxygen potential can be increased to form an inner oxide layer, mainly composed of 
SiOg. on the surface of the electrical steel sheet. At present, tiie conditions enabling both completion of decarburization 
and formation of an inner oxide layer within the decarburization period, yet that does not reduce productivity, have not 
yet been found. 
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Therefore, decarburlzed annealed steel sheets treated under normal conditions have inevitably included an inner 
oxide layer mainly composed of Si02. As mentioned above, if a coat of coarse and high purity alumina is applied to the 
decarburized steel sheet having the inner oxide layer, and given a final annealing, a grain-oriented electrical steel sheet 
having no oxide film on the surface can be obtained. However, the thus obtained steel sheet not only exhibits a mirror 

5 steel surface but also has precipitates present directly below the steel surface. These precipitates are clearly observed 
in the microscopic sectional view of the steel surface as shown in Fig. 3(a). 

The chemical configuration of these precipitates formed directly below the steel surface depends upon whether or 
not sol Al is contained in the steel sheet prior to the final annealing. When sol Al is contained in the steel sheet prior to 
the final annealing, it is observed by X-ray diffraction (CuKa) microscopy that the formed precipitate is mainly composed 

10 of mullite (3 AI2O3 • 2Si02). On the other hand, when sol Al is not contained In the steel sheet prior to the final annealing, 
observation of the residue by infrared spectroscopy shows that the formed precipitate is mainly composed of Si02. 

Since the amount of the precipitate formed directly below the steel surface increases with rise of the dew point dur- 
ing the decarburization annealing, the origin of the Si02 contained among these precipitates is thought to be the inner 
oxide layer containing Si02 formed during the decarburization annealing. On the other hand, the origin of the AI2O3 con- 

75 tained among the precipitates is assumed to be the sol Al contained in the steel sheet for controlling the secondary 
recrystalllzation. and to be the alumina used as an annealing separator. This is because the precipitates are not 
exposed on the steel surface. From the above described facts, it will be understood that the Si02 inner oxide layer 
formed during the decarburization annealing remains directly below the steel surface, so that this Si02 is not reduced 
by the reducing atmosphere during the final annealing. Especially when sol Al is contained in the steel sheet, this sol 

20 Al reacts with the Si02 and forms mullite directly below the steel surface. Since these precipitates are present inside 
the steel sheet, they are not reduced under the condition of the reducing atmosphere at a high temperature in the latter 
half of the final annealing. If these precipitates are not present at the steel surface, atomic diffusion is vigorously pro- 
moted so that the formation of a mirror finish is accelerated. On the other hand, if these precipitates are present directly 
below the steel surface, the promotion of atomic diffusion is prevented so that the formation of a mirror finish is also pre- 

25 vented during the final annealing. 

Considering the above mentioned mechanism regarding the formation of the precipitates directly below the steel 
surface during the final annealing, problems always occur in the production of a grain-oriented electrical steel sheet 
under the following conditions: (1 ) when the steel contains Si. (2) when the decarburization annealing is necessary, and 
(3) when a mirror surface is formed without forming a glass film containing forsterite during the final annealing. There- 

30 fore, the present invention can be basically applied to the production of all kinds of grain-oriented electrical steel sheet 
on the premise of the above mentioned conditions (1) - (3). 

The present inventors used various kinds of alumina, the oxide which is commonly used as an annealing separator, 
containing different amounts of impurities such as Na. K or Li and/or their compounds, and found that when Na is con- 
tained in alumina as an impurity, it influences the formation of precipitates and the condition of the mirror brightness. 

35 even if an oxide film Is present. In addition, this phenomenon depends upon the amount of Na. Accordingly, when alu- 
mina containing a large amount of Na was used as an annealing separator, no precipitates were found directly below 
the steel surface, and a mirror surface was obtained. This phenomenon is clearly observed in the microscopic views of 
Fig. 3(a) and Fig. 1(b). The present inventors have not yet clarified the reason for this. They assume that reduction of 
Si02 formed during the decarburization annealing may be accelerated in the final annealing step because of the pres- 
to ence of Na. If the reduction of Si02 easily occurs in the final annealing step, the precipitates formed directly below the 
steel surface decrease and disappear, or are not formed in the first place. As a result, a mirror surface ca be easily 
obtained If alumina corrtalning a large amount of Na Is used as an annealing separator. 

From a further study relating to the concentration of Na in the alumina required for preventing the formation of the 
precipitates directly below the steel surface, it was found that the presence of the precipitates depends upon the oxygen 

45 content in the decarburization annealing. The concentration of Na in the alumina and the state of precipitation of the 
precipitates directly below the steel surface are shown in Fig. 2. If the oxygen content in the decarburized steel sheet is 
small, the required amount of Na will be small. This leads to the following relationship. 

[Al > 0.2 X [O] 

so 

where [A] is the concentration of Na in the alumina used as an annealing separator (weight %). and [O] is the oxygen 
content of each surface of the decarburized steel sheet (g/m). Therefore, if the decarburized steel sheet and the anneal- 
ing separator satisfy the above relationship, the resultant product Is free of precipitates and has a mirror surface. 

In order to satisfy the above relationship for Na contained in the alumina to be used an annealing separator, it Is 
55 better to decrease the dew point of the decarburizing annealing atmosphere, or to eliminate the oxide film by light acid 
pickling after the decarburization annealing. Furthermore, in order to satisfy the above relationship under the oxygen 
content for the decarburized steel sheet, it is better to select alumina containing an appropriate amount of Na as an 
impurity, or to add a required amount of any of various sodium compounds such as sodium oxide, hydroxide, chloride, 
sulfate or nitrate etc., to the alumina. In each of the above cases, the mirror surface can be obtained. With respect to 
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the effect of impurities other than Na contained in alumina, alkali metals such as Li and K etc.. show the same effects 
as Na. Accordingly, a lithium compound or potassium compound can be added to the alumina. 

In the actual production of a grain-oriented electrical steel sheet to which the present invention is applicable, a typ- 
ical conventional processes can be used. These include the N. P. Goss et al. process using MnS as the main inhibitor 
5 disclosed in U.S. Pat No. 1 ,965,559. the Taguchi. Sakakura et al. process using AIN and MnS as the main inhibitor dis- 
closed in U.S. Pat. No. 3,287,183 and the Komatsu et al. process using (Al. Si)N as the main inhibitor disclosed in Jap- 
anese Patent Publication No. Sho 60-45285 (Kokoku). The following explains the steel composition and the amount 
used in the present invention. 

Carbon is an element required for y phase formation, and is necessary for controlling the primary recrystallization 
w texture prior to the final annealing for ensuring an appropriate secondary recrystallization. Therefore, carbon must be 
contained in the cold rolled steel sheet in the range of 0.02 - 0. 1%. If the carbon content is more than 0.1%. the primary 
recrystallized texture deteriorates and a long period of time is required for decarburization. 

Silicon is an Important element for increasing electric resistance and decreasing core loss. If the silicon content is 
less^than 0.8%, a to y transformation occurs during final annealing and the crystal structure and the orientation are 
15 impaired, while if the silicon content is more than 4.8%, cold rolling becomes difficult because of cracking. The preferred 
silicon content is from 0.87© to 4.8%. 

Manganese and sulfur form an inhibitor which suppresses primary grain growth. In order to assure stable second- 
ary recrystallization, the manganese and sulfur contents must each be limited to the range of 0.005 - 0.04%. 

Acid soluble aluminum is a basic element which combines with nitrogen to form AIN or (Al. Si)N as an inhibitor for 
20 obtaining a high magnetic flux density The preferred acid soluble alumina content is from 0.01 2 to 0.05%. 

Nitrogen is also a basic element which combines with the acid soluble aluminum to form an inhibitor. If the nitrogen 
content is more than 0.01%. blisters are undesirably formed in the final product. The preferred nitrogen content is not 
more than 0.01%. 

Other elements can be used to form inhibitors, such as B. Bi. Pb, S, Se. Sn or Ti. in addition to the acid soluble alu- 
25 minum. 

A hot rolled steel strip adjusted to the composition range mentioned above by a known process is cold rolled 
directly or with hot rolled band annealing in a short period of time. This hot rolled band annealing is effective for improv- 
ing the magnetic properties of the final product, and is carried out at a temperature between 750*»C and 1200*C for 30 
seconds to 30 minutes. The annealing conditions are determined based on the desired product quality or cost. 

30 In the case of using the AIN or (Al. Si)N as the inhibitors, the cold rolling is carried out at a reduction rate of more 

than 80% to the final thickness by a known cold rolling process as described in Japanese Patent Publication (Kokoku) 
No. Sho 40-15644. The condition of the cold rolling is of course variable depending upon the inhibitors used. 

Then the decarburization annealing is carried out on the cold rolled steel strip in a wet atmosphere at a temperature 
between 750**C and 900*»C for primary recrystallization and the removal of carbon from the cold roiled steel strip. The 

35 nitriding treatment is carried out following the decarburization annealing in the case of using (Al, Si)N as the main inhib- 
itor. The nitriding treatment is carried out in an atmospheric gas containing NH3 having nitriding capability The nitriding 
amount is more than 0.005% to the total amount of nitrogen contained in the steel sheet, preferably more than the alu- 
minum equivalent of the steel sheet. 

Subsequently, an annealing separator is coated on the decarburized or nitrlded steel strip to form a glass film dur- 

40 ing the final annealing and prevent sticking. The annealing separator can be used in the present invention is an oxide 
which is hard to hydrate. If an oxide which is easy to hydrate, like MgO. is used, peroxidation occurs at the steel surface 
during the final annealing or an oxide layer forms on the steel surface by reaction with the oxide film formed by decar- 
burizing, so that a mirror surface cannot be obtained. 

If the annealing separator is a stable oxide having a non-hydrating characteristic, it is not limited to a specific oxide. 

45 An oxide like Zr02 or Y2O3 can be used. 

Alumina is a suitable oxide for the present invention because of its non-hydrating characteristic and low cost, it is 
advisable to use inexpensive alumina because it contains a large amount of sodium. This annealing separator is 
applied as a slurry in the conventional way or by electrostatic coating. When the annealing separator is suspended in 
water, it is desirable to add an anti-corrosion agent to the suspension, to prevent rusting of the steel surface during the 

50 coating. In the case of using relatively coarse oxide particles suspended in water, a caking agent such as methylcellu- 
lose is added to improve the coating ability and adhesibility 

The specific requirement for obtaining a mirror surface according to the present invention is that the condition 
defined as follows must be satisfied during the decarburization annealing and the coating with the annealing separator. 
The condition is the relationship; [A] > 0.2 x [O] . where [O] is the amount of oxygen (g/ms) contained in the steel sheet 

55 just prior to the final annealing and [A] is the total concentration of alkali metal impurities (weight %) in the annealing 
separator 

It is possible to achieve the above mentioned condition by the following means. When an oxide having a low con- 
centration of alkali metal impurity is used as the annealing separator, the oxygen content in the steel sheet can be 
reduced by a light add pickling treatment after the decarburization annealing. However, this method is not recommend- 
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able from the point of view of production cost because it requires an additional step. In the decarburization annealing 
operation, the non-hydrating oxide containing the alkali metal impurity as the annealing separator can be used in 
accordance with the amount of generated oxygen contained in the steel sheet when the decarburization is almost com- 
pleted, and selecting an appropriate atmosphere and annealing period which prevent the oxidation of the steel sheet. 

5 The following means can be used for securing the necessary concentration of the alkali metal Impurity of the non- 

hydrating oxide as the annealing separator. The commercial low priced alumina generally used naturally contains Na 
as an impurity, approximately in an amount of 0.2%, due to its production process. Therefore, this inexpensive commer- 
cial alumina is very useful as the annealing separator for achieving the object of the present invention. When the 
amount of Na impurity contained in the alumina is insufficient compared with the oxidized amount of the steel sheet, or 

10 a non-hydrating oxide without an alkali metal impurity is used as the annealing separator, an alkali metal chloride (or 
salt) is added to the oxide powder or an alkali metal chloride (or salt) is dissolved in the necessary amount in the slurry 
for making the annealing separator. For the alkali metal chloride (or salt), it is advisable to use a water soluble salt 
selected from the group consisting of hydroxide, nitrate, sulfate, chloride or acetate of Na. K. or Li etc. 

Finally, the final annealing is carried out for secondary recrystallization and purification after the annealing separa- 

75 tor is coated, A specific heating cycle which maintains a constant temperature for promoting the secondary recrystalli- 
zation during the heating step is effective for Increasing the magnetic flux density as described In Japanese 
Unexamined Patent Publication (Kokai) No. 27258929. 

After the secondary recrystallization is completed in the final annealing, the heated steel strip is kept at.a temper- 
ature higher than 1 100«C in a 100% hydrogen atmosphere for the purification of nitride and a mirror conditioning the 

20 steel surface. 

An insulation coating is applied to the steel strip for imparting a tensioning effect and reducing core loss. In addition, 
magnetic domain refining treatment by the laser irradiation may be applied for further reducing core loss. 

The present invention will now be described in detail with reference to the following examples.- that by no means 
limit the scope of the invention. The present invention will be applicable to other steel compositions or other production 
25 process as already described as far as satisfying the following conditions independently or altogether; (1 ) the steel con- 
tains Si. (2) decarburization annealing Is necessary, and (3) a mirror surface is formed without glass film containing for- 
sterite during the final annealing in the production of a grain-oriented electrical steel sheet. 

Example 1 

30 

A grain-oriented electrical steel material containing 0.05% by weight of C, 3.3% by weight of Si. 0.1% by weight of 
Mn, 0.007% by weight of S. 0.037o by weight of sol Al, 0.008% by weight of N. and 0.05% by weight of Sn. with the bal- 
ance comprising Fe and unavoidable impurities, was processed by ordinary production steps, I.e.. hot rolling to a thick- 
ness of 2.3 mm, hot rolled strip annealing at a temperature of 1 100*'C for 2 minutes, and cold rolling to a final thickness 

35 of 0.23 mm with acid pickling. Thereafter, the thus obtained cold rolled strip was treated by decarburization annealing 
in various atmospheres for different annealing times. The amount of oxygen in the steel sheet is shown in Table 1 . Then, 
the nitriding treatment was carried out in an NH3 atmosphere gas bringing the nitrogen content in the steel sheet to 
0.025% for strengthening inhibitors. Subsequently, an annealing separator was coated onto the nitrided steel sheet. 
Conventional MgO was applied to several steel sheets, and alumina containing different kinds of alkali metal as impu- 

40 rities and different concentrations in the slurry state were applied to the remaining steel sheets. Then, final annealing 
was carried out by heating the steel sheets to 1200*C at a constant heating rate of 10 "C/hr In an atmosphere of 100% 
nitrogen gas. and by maintaining them at a temperature of 1200*'C for 20 hours in an atmosphere of 100% hydrogen 
gas. The atmosphere gas was switched from nitrogen to hydrogen at 1200"C. Rnally, insulation coating and the mag- 
netic domain refinement treatment by laser irradiation were applied to the finally annealed sheets. The resultant prod- 

45 ucts had the magnetic properties as shown in Table 1 . 



so 



55 



6 



EP 0 753 588 A1 



10 



15 



20 



25 



30 



35 



40 



50 



a -H 

4-» U 

0) 0) 

c cu 

60 O 



5 if 





CO 






o 


Q) 

4J 






o 


<d 


a> 














Jj 


O) 




ex. -U 




O 


o 


•H (_> 
U (U 


ow 


fa 


cn 


0) V-* 






O 




0) 




>^ 




J3 


CO 










o 












a> 








CJ 




••-1 


jC ^ 


CD 




T3 


4J Q) 






C 








o 


VM 4J 


D 




u 


O M 


(A 





c 
o 

O —I r-l *J 
;C nt OS 

X cd 6 CD 





a> 




bO 


U 


O 


E 


o 


C 


O 






*J 




*J 








p—l 


m 


c 




•a 


OJ 


u 






<i> 


OJ 


<d 


O 




tj 


c 


cu 


4 




x> 




Q) 




td 


<d 


CO 


Vi 


CO 










Ul 




c 
























Ui 


<u 




>>, 


c 


O 


u 




4-1 




*J 


c 


o 


•H 




to 


o 




U 


ni 


u 


o 






OJ 


10 




O 


O. 


C 


a. 


(0 




E 


c 


OJ 


2: 


4J 




C0 


CO 



OO Ul 

C O 

O —» « 

CO 1.1 

-O Q> «0 

ceo. 

C OJ 





0) 






O 


cx 


OJ 


CM 


*J 


c 


Lf 




c 


a> 


to 




3 


CO 


U-l 




O 




Ui 






X 


3 






o 


CO 





o 
2: 



1 — < 
fO O. 

a. E 

B to 

O X 
O tjJ 



m 



_ C 

a. E 

E to 

o X 



o 
2; 



o 

CM 
O 



O 

CM 



o 

tn OJ 
> 



o 



o -o 
to -o 

10 



c 
o 

c 

<1> > 
c 



o 



<0 QJ 
U —I 
(0 Q. 

E 

E to 

O X 



o 
2: 



o 

— « 

< 



o 

C xJ 
CO O) 



O T3 
(0 



c 
o 

C *J 

c 

CO <D 

Q) > 

- C 

I CU t-i 



CM 
VO 

o 



o -o 

^ CO 



o 

Q> C 

CO Q) 
> 

C 



> 

4-) 

to O) 

O. 
CU E 

" CO 

X 



c: 

c 

CO CD 

c 



o 

2: 



O 73 
T3 



C 4-» 

c 

to (U 
> 

c 
a* 1-4 



c: 
o 

ac —I 
CO -o 

CO 



0) c 
CO a> 
<u > 
c 



o 
2: 



um 




c 




a> 


o 


CO 




— 1 


CO 


CO 


XJ 


CO 


4J 


•H 


4J 


0) 




o 


o 




cu 


CO 


to 



o 
o 



o 



c 
o 

c c 

c: a> 
c- > 

c 



Example 2 

A grain-oriented electrical steel material containing 0.07% by weight of C, 3.3% by weight of Si. 0.07% by weight 
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of Mn. 0.025% by weight of S. 0.026% by weight of sol At. 0.008% by weight of N. and 0.1% by weight of Sn. with the 
balance comprising Fe and unavoidable impurities, was processed by ordinary production steps, i.e., hot rolling to a 
thickness of 2.3 mm. hoi rolled strip annealing at a temperature of 1 1 00°C for 2 minutes, and cold rolling to a final thick- 
ness of 0.23 mm with acid pickling. Thereafter, the thus obtained cold rolled strip was treated by decarburization 
5 annealing in various atmospheres for different annealing times. The amount of oxygen in the steel sheet is shown in 
Table 2. 

Subsequently, an annealing separator was applied to the decarburized steel strip. Conventional MgO was applied 
to several steel sheets, and alumina containing different kinds of alkali metal as impurities and different concentrations 
in the slurry is applied to the remaining steel sheets. Then, final annealing was carried out by heating the steel sheets 
70 to 1200'»C at a constant heating rate of 15^ C/hr in a mixed atmosphere comprising 15% nitrogen and 85% hydrogen 
gas, and further maintaining the steel at a temperature of 1 200*>C for 20 hours in an atmosphere of 1 00% hydrogen gas. 
The atmosphere gas was switched from nitrogen to hydrogen at 1200"C. Finally, insulation coating and the magnetic 
domain refining treatment by laser irradiation were applied to the final annealed strip. The resultant products had the 
magnetic properties as shown in Table 2. 
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Example 3 

A grain-oriented electrical steel material containing 0.05% by weight of C. 3.3% by weight of Si. 0 07% by weight 
Of Mn. and 0.025% by weight of S, with the balance comprising Fe and unavoidable impurities, was processed by ordi- 
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nary production steps, i.e., hot rolling to a thickness of 2.5 mm with acid pickling, and cold rolling to a final thickness of 
0.30 mm with intermediate annealing at a temperature of SOO'^C for 2 minutes. Thereafter, the thus obtained cold rolled 
strip was treated by decarburization annealing in various atmospheres and different annealing times. The amount of 
oxygen in the steel sheet is shown in Table 3. Subsequently, an annealing separator was applied to the decarburized 
5 Steel strip. 

Ck)nventional MgO is applied to several steel sheets, and alumina containing different kinds of alkali metal as impu- 
rities and different concentrations in the slurry state is applied to the remaining steel sheets. Then, final annealing was 
carried out by heating the steel sheets to 1200*»C at a constant heating rate of 15 *»C/hr in a mixed atmosphere compris- 
ing 15% nitrogen and 85% hydrogen and by maintaining the steel at a temperature of 1200*»C for 20 hours in an atmos- 
70 phere of 1007o hydrogen gas. The atmosphere gas is switched from nitrogen to hydrogen at 1200'»C. Finally, insulation 
coating and the magnetic domain refinement treatment by laser irradiation were applied to the final annealed sheet. The 
resultant product had the magnetic properties as shown in Table 3. 
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Claims 

1 . Process for producing a grain-oriented electrical steel sheet having a mirror surface containing 0.8 to 4.8% of Si in 
the form of a strip which has been subjected to a conventional series of operations including hot rolling with or with- 
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out annealing, cold rolling once or at least twice with intermediate annealing to obtain a final thickness, decarburi- 
zatlon annealing with or without nitriding treatment, coating with an annealing separator mainly containing non- 
hydrating oxide, and final annealing, the process comprising: 

5 . satisfying the relationship 

[A] > 0.2 X [O] 

where [A] is the total concentration o1 alkali metal impurity in the annealing separator (weight %), and 
10 [O] is the amount of oxygen contained in the steel sheet just prior to the final annealing (g/m^). 

2. Process for producing a grain-oriented electrical steel sheet having a mirror surface containing 0.8 to 4.8% of Si, 
0.012 to 0.05% of soluble Al. and less than 0.01% of N. in the form of a strip which has been subjected to a con- 
ventional series of operations including hot rolling with or without annealing, cold rolling once or at least twice with 
75 intermediate annealing to obtain a final thickness, decarburization annealing with nitriding treatment, coating with 
an annealing separator mainly containing non-hydrating oxide and final annealing, the process comprising: 

satisfying the relationship 

20 [A] > 0.2 X [O] 

where [A] is the total concentration of alkali metal impurity of in the annealing separator (weight %), and 
[O] is the amount of oxygen contained in the steel sheet just prior to the final annealing (g/m^). 

25 3. Process for producing a grain-oriented electrical steel sheet having a mirror surface containing 0.8 to 4.8% of Si. 
0.012 to 0.05% Of soluble Al. less than 0.01% of N. 0.02 to 0.3% of Mn, and 0.005 to 0.040% of S. in the form of a 
strip which has been subjected to a conventional series of operations including hot rolling with or without annealing, 
cold rolling once or at least twice with intermediate annealing to obtain a final thickness, decarburization annealing, 
coating with an annealing separator mainly containing non-hydrating oxide and final annealing, the process corn- 
so prising: 

satisfying the relationship 

[A] > 0.2 X [O] 

35 

where [A] is the total concentration of alkali metal impurity in the annealing separator (weight %). and 
[O] is the amount of oxygen contained in the steel sheet just prior to the final annealing (g/m^). 

4. Process for producing a grain-oriented electrical steel sheet having a mirror surface containing 0.8 to 4.8% of Si. 
40 0.02 to 0.3% of Mn, and 0.005 to 0.040% of S, in the form of a strip which has been subjected to a conventional 

series of operations including hot rolling with or without annealing, cold rolling once or at least twice with interme- 
diate annealing to obtain a final thickness, decarburization annealing, coating with an annealing separator mainly 
containing non-hydrorating oxide and final annealing, the process comprising: 

45 satisfying the relationship 

[A] > 0.2 X [O] 

where [A] is the total concentration of alkali metal impurity in the annealing separator (weight %). and 
50 [O] is the amount of oxygen contained in the steel sheet just prior to the final annealing (g/m^). 

5. A process according to any of claims 1 to 4. wherein the non-hydrating oxide is mainly composed of alumina. 

6. A process according to any of claims 1 to 5. wherein the alkali metal impurity in an annealing separator is mainly 
55 composed of one or more metals selected from the group consisting of Li. Na or K. 

7. A process according to any of claims 1 to 6. wherein the annealing separator contains one or more compounds 
selected from the group consisting of hydroxide, nitrate, sulfate, chloride or acetate of U. Na or K. 
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Fig. 3(a) 
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